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As stated by Billingham (1) tissue trans-
plantation constitutes an important investiga-
tiVe procedure in experimental dermatology.
Some work in this direction has already been
done by Haxthausen (2, 3), Long (4) and
Billingham and co-workers (5—8). Although the
literature on skin transplantation has acquired
enormous dimensions, only a few authors (9, 10)
have attempted to elucidate some of the prob-
lems of skin grafting by means of enzyme-
histochemical methods. On the other hand im-
pressive results have been obtained by studies
of the enzyme-histochemistry of healing wounds
(11—15). Accordingly, the assumption seemed
justified that the process of graft healing and
of homograft rejection might be accompanied by
similarly instructive enzymatic changes.
This consideration led us to investigate the
behavior of a series of hydrolytic and oxidative
enzymes during the healing process of split
skin grafts. In this paper the findings of our
studies of aminopeptidase (AP), diphospho-
pyridine-nucleotide-diaphorase (DPN-D) and
succinic dehydrogenase (SD) in autografts are
reported.
MATERIAL AND METHODs
8 month-old male and female laboratory pigst
were used in these experiments. Split skin grafts
measuring 5 x 10 em and of variable thickness,
reaching 2 mm, were cross-implanted on appro-
priate sites of the same animal's back under
sodium pentotbal anesthesia. No sutures were
done. After application of sterile vaseline-gauze,
the grafts were held in place by tight dressings
according to a method successfully applied in
man (16). Twenty transplantations were per-
formed; no graft was lost. Biopsy specimens from
the grafted areas including subcutaneous tissue
were removed under sodium pentothal anesthesia
on the first through eighth days and every other
day to the twentieth and on the thirtieth, fourtieth,
and sixtieth day after transplantation.
The biopsy specimens were immediately frozen
to —70° C in solid carbon dioxide and stored at
this temperature (not longer than 24 hours).
Sixteen micron eryostat sections (system of Dittes-
Duspiva) were treated according to the following
methods:
1. Method for AP (Nachlas et al. (17)) with
L-leucyl-4-methoxy-beta-naphthylamide as sub-
strate and Fast Blue B as coupling agent. Time of
incubation: 2 hr at 37° C. For the purpose of ob-
taining permanent sections pretreatment accord-
ing to Glenner (18) was performed in alternate
sections.
2. Method for DPN-D (Barka's modification(19) of the method of Hess et ol. (20)) using
DPNH and Nitro Blue Tetrazolium. Time of
incubation: 45 mm. at 22° C. Post-fixation with
5 per cent formalin.
3. Method for SD (Nachlas et al. (21)) using
sodium suceinate and Nitro Blue Tetrazolium.
Time of incubation: 75 mm. at 37° C. Post-fixation
with 5 per cent neutral formalin.
Controls: 1. Substrate-deficient incubation me-
dium. 2. Inactivation of enzymatic activity by
application of heat or pretreatment with 20 per
cent trichloroacetic acid. Paraffin sections were
stained with hematoxylin and eosin and Weigert's
elastien method. Seven hundred and fifty histo-
chemical sections were examined.
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t Stock of "Institut für Tierzueht und Haus-
tiergenetik" of the University of Gdttingen ob-
tained by cross-breeding sus scrofa ferns-type
"miniature" pigs of the Hormel Institute, Austin,
Minnesota, Vietnamese, and German domestic
pigs.
1. Normal Skin of Pigs
a. Amino peptidase: High AP activity is
found in connective tissue cells of stellate ap-
pearance, in the adventitial layers of larger
vessels, in endothelial linings of subepidermal
capillaries, in connective tissue sheaths and
dermal papillae of hair follicles. Smooth muscles
and epithelin exhibit no enzymatic reaction
except for the secretory portion of sweat glands,
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where a positive reaction is seen in the apical
borders of the cells lining the lumea.
b. Diphosphopyridinen'ucleotide-diaphorase:
DIPN-D is demonstrated in almost all struc-
tures. The cells of the epidermis show minute
granular deposits of formazan in their cyto-
plasm arranged densely especially ia a pen-
nuclear zone. The most pronounced activity is
found in the spinous layer. Heavy staining is
observed in the epidermal appeudages, espe-
cially iu secretory and myoepithelial cells of
sweat glands, ia endothelia, in smooth muscle
fibers of vessels, arrector muscles and in con-
nective tissue cells.
e. Succinic dehydroqertase: The distribution
of this enzyme is very similar to DIPN-D. How-
ever, in the epidermis the heaviest staining is
seen in the basal cell layer; in hair follicles the
strongest activity is found in the external root
sheath. Unlike the reaction of DPN-D SD ac-
tivity is only moderate in connective tissue cells.
2. Autotrans plants
a. Aminopeptida.se. On the 1st post-operative
day (Fig. la) connective tissue cells of the
dermal papillae show a decrease of their ac-
tivity, their structures appear blurred, and
signs of diffusion become apparent. The other
portions of the graft show no changes of in-
tensity or distribution of their enzymatic reac-
tions with the exception of a narrow strip of
tissue at the dermal margin of the transplant
Fio. 1. AP in different stages of the healing-process, a. 1st p.o. day. The space (x) between
wound-bed (bottom) and graft (top) shows no enzymatic activity. In the dermal papilla
of the graft a decrease of staining has occurred in the connective tissue. b. 2nd p.o. day. No
activity is found in the upper parts of the graft while the lower portions show residual AP
in connective tissue cells. x: space between wound-bed and graft. c. 4th p.o. day. Almost
the entire graft 1S depleted of enzymatic reactlOn. Only its lower portions exhibit AP ac-
tivity in invading fibroblasts. The granulation tissue (g) between wound-bed and graft shows
abundant AP activity. d. 5th p.o. day. By ingrowth of vessels and connective tissue cells a
highly AP positive zone has formed in the lower portions of the graft. e. 12th p.o. day. The
entire graft shows a positive reaction again. The consolidating tissue of the healing zone (h)
shows less activity than the granulation tissue of c) and d). 50 x
-) 0
--
r,
—
I t
'.- w ..I ..t'C- - - - -I- C -II? .Pl -
'i-_c' . '-ii-'• . .: :"V.. -
-III'. :-:
b C_____ d
___- —
e
-2
• 2
'F-,-
fl-
'I'
4I)'I
x
- "-I.'
.'-,. ,;c•,
-I,
40 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
lacking AP activity. A similar enzyme-negative
zone is observed in the uppermost regions of
tbe wound bed, whereas the rest of the recipient
tissue exbibits a considerable increase of en-
zymatic reactions. On the second post-operative
day (Fig. ib) a pronounced decline of AP ac-
tivity is observed in tbe subepidermal tissue of
the transplant. Here an enzyme-deficient zone is
formed expanding progressively to the lower
layers of the graft until on the third day
enzymatic reactions are confined to a narrow
zone in its lowermost portions. But even in
this area there is a considerable decrease of the
number of cells still retaining some activity. The
width of the developing enzyme-deficient zone
depends largely on the thickness of the trans-
plant. In thick grafts it may cover four fifths
of its thickness whereas in thin specimens it is
confined to the upper half of the tissue. At this
time a very strong activity is exhibited by all
layers of the wound bed. Mesenehymal cells,
having migrated into the space between graft
and recipient tissue, as well as endothelial buds
originating from host vessels, display heavy
staining.
On the fourth post-operative day an AP-posi-
tive granulation tissue is forming between graft
and wound bed (Fig. le). Capillaries containing
intense AP activity invade the lowermost parts
of the graft. In the transplant a strong en-
Fie. 2. DPN-D in different stages of healing process. a. 1st p.o. day. The space (x) between
graft (top) and wound-bed (bottom) and the two adjoining marginal zones (m) show no
formazan deposits. In the deeper portions of the graft residual activity is found in connec-
tive tissue cells (r). The upper two thirds of the dermis are negative except for some vessels
exhibiting a moderate reaction (v). Note negative basal cell layer of epidermis. b. 2nd p.o.
day. Some residual activity is found in the deep portions of the graft (r). Above this zone
the graft is depleted of DPN-D (except for the spinous layers of epidermis). c. 4th p.o. day.
In the lowermost portions of the enzyme-negative graft ingrowing vessels and fibroblasts
showing DPN-D activity are observed. The granulation tissue (g) between wound-bed and
graft is heavily stained. d. 12th p.o. day. Complete restitution of DPN-D activity in the graft.
From the healing zone (h) large vessels (v) have entered the transplant. 50 ><
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zvmatie reaction is displayed by a zone reaching
from its lower border as far upward as the
vessels have penetrated the dermis. In this zone,
AP activity is seen by both pre-existing stellate
cells and spindle shaped cells that bave migrated
into the graft. Thus, the transplant is inter-
spersed with cells originating from the wound
bed.
This positive zone expands gradually to super-
ficial layers of the graft (Fig. ld) reaching the
dermo-epidermal junction between the 7th and
9th day depending on the thickness of the
transplant. On the 10th day, the number of
AP-positive cells in subepidermal areas is still
very low but keeps increasing during the fol-
lowing days (Fig. le) leading to an intensifica-
tion of AP reactions of the papillary body
which temporarily exceeds that of normal skin.
After the 20th postoperative day, this dermal
activity subsides to normal intensity and
distribution. In contrast, the healing zone con-
tinues to show a strongly positive reaction for
several weeks.
b. DPN-Diaphorcase. The changes of DPN-D
correspond largely to those of AP. However,
the decrease of enzymatic reactions ensues much
laster and is more pronounced: On the 1st
post-operative day connective tissue-DPN-D has
disappeared from the upper parts of the graft's
dermis (Fig. 2a); on the 2nd day enzymatic
reactions are confined to its lowermost portions
(Fig. 2b); and on the 3rd day the dermis of
transplant lacks DPN-D reactions completely.
Interestingly, the epidermis retains its ac-
tivity somewhat longer than the connective
tissue. DPN-D reactions disappear from the
basal cell layer and rete ridges on the 1st but
from the other parts of the epidermis only
after the 3rd post-operative day (Fig. 2a—c, 3).
The epidermal appendages and vessels lose their
activities on the 2nd day in superficial layers
of the graft and on the 3rd day in the deeper
parts.
On the 4th day strong DPN-D activity is
found in the granulation tissue arising between
wound bed and graft. (Figs. 2c, 4) Capillaries
and fibroblasts invading the transplant are
heavily stained. As in AP sections, a zone of
intense DPN-D activity is formed in the lower-
most portions of the graft expanding progres-
sively to the upper layers. As soon as ingrown
vessels (Fig. 5) have reached the dermo-epider-
Fio. 3. Behavior of DPN-D of epidermis. a.
2nd p.o. day. The basal cell layer and the lower
portions of prickle-cell layers have lost their
DPN-D activity. b. 4th p.o. day. The entire epi-
dermis is depleted of DPN-D. 120 ><
mal junction, DPN-D activity reappears in the
epidermis, first in the basal cell layer but soon
spreading to the rest of the epithelium. After
the 10th day (Fig. 2d) changes of DPN-D
activity are identical with those of AP.
c. Succinic clehydroqeno.se. SD reactions re-
semble those of DPN-D to a great extent ex-
cept for the following differences: The decline
of SD in connective tissue, skin appendages
and vessels begins somewhat later than that of
DPN-D. The enzyme-deficient zone does not
spread as far downward as in DPN-D sections
and usually does not reach the lower margin
of the graft. In the epidermis the superficial
layers lose their activity first, while the basal
cells may retain some SD until the 5th or 6th
post-operative day. In thin grafts the epidermis
is never completely depleted of its activity.
After ingrown capillaries have reached the
dermal papillae, epidermal SD activity is re-
stored somewhat slower than DPN-D approach-
ing normal values on the 12th day.
DISCUSSION
It has been shown that essentially all three
enzymes exhibited parallel changes, apart from
some minor individual differences. The most
prominent feature of the first post-operative
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Fxo. 4. AP. Healing zone (h) between wound-bed (bottom) and graft (top) containing
highly positive fibroblasts. 120 ><
Fio. 5.Higher magnification of vessel from fig. 2 d. 120 X
days was a remarkable decline of enzymatic
activities. After the onset of revascularization,
an increase of the respective enzymatic reactions
was noted temporarily exceeding normal values
and subsequently subsiding to normal levels
again. Thus, the period between transplantation
and completion of healing may be divided into
two essentially different phases which we pro-
pose to designate: a) phase of regression and b)
phase of recovery (Fig. 6).
During the first phase the metabolic functions
of the grafted tissue diminished rapidly as evi-
denced be the remarkable decrease and eventual
loss of histochemically demonstrable enzymatic
reactions. However, the transplant's depletion of
DPN-D, SD and AlP does not imply that an
irreversible damage of the tissue has occurred as
is evidenced by the enzymatic recovery during
the subsequent phase.
During the phase of regression the enzymatic
reactions first disappeared from the upper por-
tions of the transplant, while they were pre-
served in the deeper layers of the tissue for a
considerably longer period. This phenomenon
may be explained by the assumption that en-
vironmental factors were more favorable and
more closely resembled physiological conditions
in the lower parts of the transplant.
In a separate experiment we investigated the
enzyme-histochemical behavior of isolated grafts
exposed to different environmental factors
(moist and dry chamber, storage in isotonic
sodium chloride or Ringer solution, different
temperatures etc.). Depending on the condi-
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FIG. 6. Model of the healing process of split skin grafts demonstrating the phases of re-
gression and recovery. The individual figures represent tissue sections of specimens taken on
the 1st through 20th p.o. day. The different shades of grey and black indicate overall in-
tensity and distribution of enzymatic activity. ,For comparison the first figure of each hori-
zontal row signifies a specimen of normal skin. The arrows within, these figures indicate
the level at which the operations were performed and point to the virtual space separating
wound-bed and graft as shown in the 2nd and 3rd vertical rows. As can be seen there is a
striking conformity of the behaviour of all 3 enzymes. The first four p.o. days are char-
acterized by a decline of enzymatic activity starting at the dermoepidermal junction and
progressing to the deep portions of the graft. The critical point in this process occurs by the
fourth day when revascularization starts. From here on an increase of enzymatic activity is
observed progressing to the dermoepidermal junction.
tions chosen, the respective rates of decrease
of enzymatic activities were different. How-
ever, apart from the diverse sensitivity of dif-
ferent structures (epithelium, connective tissue
etc.) there were no regional differences of en-
zymatic decline in cells of the same type.
Applied to grafts in situ these results suggest
that the delayed enzymatic decline of deep
layers of the transplant depended on the close
proximity of the wound-bed. It has been as-
sumed by other authors (22—26) that plasma
diffuses from the recipient tissue into the trans-
plant prior to its revascularization. The en-
zyme-histochemical changes mentioned above
may be ascribed to these diffusion mechanisms.
The enzymatic changes during the period of
recovery were in inverse ratio to those observed
during the phase of regression (Fig. 6). En-
zyme activities first returned to the deeper
portions of the transplant and subsequently
advanced layer by layer to superficial parts of
the tissue the expansion of this positive zone
depending on the ingrowth of host vessels.
Pre-existing vascular channels of the graft did
not exhibit enzymatic reactions during the phase
of recovery and appeared to undergo involution.
The mode of revascularization of the graft
has been subject of numerous investigations
and controversies. Some authors assumed that
the blood supply of the graft is established by
"inosculation", i.e. direct anastomoses between
host and graft vasculature (24, 27—31); others
maintain that the graft's definite vascular sup-
ply is due to ingrowing host capillaries replac-
ing the original vessels (9, 32, 33). A com-
bination of both mechanisms has also been
considered possible (25, 26, 34, 35). Our findings
support the second view on the basis of the
following observations: 1. Anastomoses between
host and pre-existing graft vasculature were
never seen in our material. 2. Host vessels could
be easily followed in the histochemical sections
as they invaded and penetrated the graft. 3.
During the different stages of graft recovery
enzymatic reactions were always confined to
those layers of the graft that were within the
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range of ingrown host capillaries. Converse and
Ballantyne (9) reached similar conclusions on
the basis of their studies of DPN-D activity in
transplanted rat's skin. However, these authors
failed to observe such pronounced shifts of
enzymatic activities in autotransplants, prob-
ably because of the exceedingly rapid rcvascu-
larization of the grafts in their animals.
The phases of regression and recovery, of
course, refer to the enzymatic changes of the
grafts only. The narrow enzyme-deficient zones
bordering the host and graft tissues at the site
of apposition during the first postoperative days
may be ascribed to the trauma of operation and
thus correspond to the so called "central zones"
described in the earliest phases of wound heal-
ing by Raekallio (11).
SUMMARY
1. The activities of aminopeptidase, diphos-
phopyridine-nucleotide-diaphorase and suecinic
dehydrogenase were studied bistoehemically
throughout the healing process of split skin
autografts in pigs.
2. During the first four post-operative days,
a decline of enzymatic activities was seen, start-
ing at the dermo-epidermal junction and pro-
gressing to the deeper parts of the graft. After
the 4th day, the enzymes reappeared in the
deeper portions of the transplant and subse-
quently also in its superficial parts. On the basis
of these enzyme-histoehemieal findings the heal-
ing process of autografts was divided into two
phases: a) a transitory phase of regression
terminating with the ingrowth of vessels into
the graft and b) a subsequent phase of recovery.
3. Previous reports that the definitive vascu-
lature of the transplant is exclusively due to
ingrown host vessels were confirmed.
4. During the phase of regression, the deep
portions of the graft showed less pronounced
decrease of enzymatic activity than the upper
parts. This phenomenon was ascribed to diffu-
sion of plasma from the wound bed into the
graft.
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